The process of chloroplast differentiation involves dramatic ultrastructural and physiological changes of the plastids (Robertson and Laetsch, 1974; McCormac et al., 1996; Tziveleka and ArgyroudiAkoyunoglou, 1998) and requires the synchronous formation of pigments, lipids, and proteins for the coordinated assembly of a functional photosynthetic apparatus (Vothknecht and Westhoff, 2001) . One remarkable feature of de-etiolation is the massive synthesis of chlorophylls and carotenoids. Etioplast to chloroplast transition is therefore a suitable system to study carotenoid gene expression and subsequent product accumulation. In angiosperms, the synthesis of chlorophyll is strictly light dependent (von Wettstein et al., 1995) , whereas low levels of carotenoids were shown to be present in etiolated seedlings. In higher plants, carotenoids are essential components of the photosynthetic apparatus. As such, they are involved in light harvesting and protection against excessive light energy (Siefermann- Harms, 1985; Havaux, 1998; Niyogi, 1999) . In addition, the presence of the xanthophyll cycle enhances plant photoprotection (Niyogi et al., 1998) . This cycle comprises the three xanthophylls zeaxanthin, antheraxanthin, and violaxanthin and their interconversion (Hager, 1975; Demmig et al., 1987) . Zeaxanthin can be synthesized in two ways: by hydroxylation of ␤-carotene or by deepoxidation of violaxanthin ( Fig.  1 ). In the first case, zeaxanthin formation is catalyzed by the enzyme ␤-carotene hydroxylase using ␤-carotene as substrate. In the second case, zeaxanthin is converted to violaxanthin by the enzyme zeaxanthin epoxidase under low-light (LL) conditions, whereas high-light conditions lead to the production of zeaxanthin via violaxanthin de-epoxidase due to xanthophyll cycle activity. As members of photosynthetic complexes, the carotenoids are necessary for assembly and stabilization of the corresponding pigment-protein complexes (Plumley and Schmidt, 1987; Herrin et al., 1992) . The xanthophylls (lutein, zeaxanthin, antheraxanthin, violaxanthin, and neoxanthin in its 9Ј-cis rather than the all-trans-form) are predominantly found in the light-harvesting system (Kü hlbrandt et al., 1994; Ruban et al., 1994 Ruban et al., , 2002 Lee and Thornber, 1995; Takaichi and Mimuro, 1998; Croce et al., 2002) .
Most of the genes encoding enzymes involved in carotenoid biosynthesis have been cloned, and several xanthophyll biosynthetic genes were identified from higher plants and green algae (Bouvier et al., 1996 (Bouvier et al., , 2000 Bugos and Yamamoto, 1996; Marin et al., 1996; Sun et al., 1996; Linden, 1999) . Despite the increase in DNA sequence information, our knowledge of the complex regulation of xanthophyll biosynthesis is still limited, especially during lightdependent de-etiolation. Carotenoid enzymes are plastid-located but nuclear-encoded proteins. The preproteins are posttranslationally targeted in the plastids and processed. Thus regulation could take place at transcriptional, posttranscriptional, or translational level. Expression of carotenoid genes depends on the species investigated (Rö mer et al., 1993) and the developmental stage (Bugos et al., 1999) . Moreover, environmental factors have been shown to influence their gene expression (Bouvier et al., 1996; Audran et al., 1998; Steinbrenner and Linden, 2001) .
The regulation of phytoene synthase, the first committed step in carotenoid biosynthesis, is the only one that has been examined thoroughly during etioplast to chloroplast transition (von Lintig et al., 1997; Welsch et al., 2000) . Later steps in the pathway have been addressed either by investigating one gene at a time or by using one specific light condition only (Bugos and Yamamoto, 1996; Audran et al., 1998) . Even the recent application of microarrays for transcriptome analysis did not allow a detailed comparison of xanthophyll biosynthetic gene expression because the arrays contained just a specific selection of genes (Ma et al., 2001 ; SMD, http://afgc.stanford. edu). Thus conclusions were hampered by the limitations of data availability or by the experimental set up. We therefore reexamined the expression of three xanthophyll biosynthetic genes (␤-carotene hydroxylase, zeaxanthin epoxidase, and violaxanthin deepoxidase) in a comparative manner during etioplast to chloroplast differentiation under various light conditions. Our study focused on the following questions: (a) Are the xanthophyll biosynthetic genes under examination coordinately expressed during de-etiolation? (b) How does light quantity and quality influences the steady-state transcript levels of these genes? (c) Is there evidence for a redox and/or photosynthetic control of their expression?
For our investigations, two different low light intensities were chosen to exclude additional effects caused by high-light stress on mRNA transcript levels. Furthermore, the regulation of xanthophyll biosynthesis genes during etioplast to chloroplast differentiation was investigated upon illumination with different light qualities. Application of inhibitors of the photosynthetic electron transport to fully greened seedlings allowed us to examine the impact of the redox status on carotenoid gene transcription levels. Because xanthophylls are constituents of the lightharvesting complexes, a gene encoding a protein of the major light-harvesting system of photosystem (PS) II as well as a chlorophyll biosynthetic gene were included in some of the studies.
RESULTS

Pigment Content and Composition
Total pigment content was determined in darkgrown seedlings and in seedlings illuminated with either very low light (LL) or moderate (ML) whitelight intensities for various time periods. Darkgrown seedlings had already a carotenoid content of 15.2 g g Ϫ1 fresh weight which increased 3-fold within 24 h of continuous white-light illumination and up to 6-fold within 48 h ( Fig. 2A) . The carotenoid content was not significantly different between LLand ML-exposed seedlings, although there was a tendency toward elevated carotenoid levels in seedlings irradiated with ML intensity. In contrast, only trace amounts of chlorophylls could be detected in dark-grown seedlings. Significant accumulation of these pigments occurred after a lag phase at later stages of light-dependent chloroplast differentiation (Fig. 2B) . The total chlorophyll content reached values of 476 g g Ϫ1 fresh weight and 431 g g Ϫ1 fresh weight after 48 h of illumination with ML and LL intensity white light, respectively. Carotenoid composition was investigated by HPLC. No significant changes in the relative amounts of ␤-carotene, lutein, and neoxanthin were found concerning the various light regimes (data not shown). However, remarkable differences were detected for the xanthophyll cycle pigments (violaxanthin, antheraxanthin, and zeaxanthin; Fig. 3 ). The percentage of violaxanthin decreased from 32.8% in etiolated seedlings to 23.9% directly upon ML illumination reaching 14.5% after 5 h of light exposure. Concomitantly, zeaxanthin and the mono-epoxidated intermediate antheraxanthin were transiently accumulated at early stages of chloroplast differentiation (3 and 5 h; Fig. 3B ). The highest amount of zeaxanthin was found after 5 h of illumination. Prolongation of the light exposure period resulted in a decrease in the portion of zeaxanthin to nearly undetectable levels and an increase in the relative amount of violaxanthin to 24.6% after 24 h. In contrast to this, LL white light caused an increase in the relative amount of violaxanthin directly after light exposure (Fig. 3A) . Seedlings illuminated with this light intensity had a lower violaxanthin to antheraxanthin to zeaxanthin proportion (22%) compared with 27.4% in ML even after 24 h of irradiation.
In etioplasts, only chlorophyll a but no chlorophyll b was detectable. However, during light-dependent etioplast to chloroplast transition, the chlorophyll a/b ratio decreased from 5.7 after 3 h of ML illumination to 2.8 after 24 h. The chlorophyll a/b-ratio of seedlings exposed to LL for 3 h reached values of 2.9 and of about 2.6 after 24 h.
Expression of Xanthophyll Biosynthetic Genes during Chloroplast Differentiation
All genes involved in the formation of ␤-carotenederived xanthophylls exhibited a low steady-state mRNA-transcript level in etiolated seedlings (Fig.  4A) . With the onset of continuous white-light illumination a strong induction in the amount of the corresponding mRNAs was observed. The expression level of the ␤-carotene hydroxylase gene was found to be modulated by the light intensity (Fig. 4) . After 3 or 5 h of continuous white-light illumination, the increase in the transcript level was comparable under ML and LL conditions. However, a prolonged illu- . Total pigment extracts were separated by reversed-phase HPLC on a Spherisorb ODS1 column according to Gilmore and Yamamoto (1991) . Zeaxanthin was below the detection limit under LL conditions. vio, violaxanthin; anthera, antheraxanthin; and zea, zeaxanthin. mination time resulted in a massive reduction in the amount of ␤-carotene hydroxylase mRNA in MLtreated seedlings with an expression minimum at 12 h, whereas only a moderate decrease was noticeable under LL conditions. After 24 h of continuous white-light irradiation, the expression was again upregulated under both light regimes (Fig. 4) .
LL as well as ML illumination caused a strong increase in the expression of zeaxanthin epoxidase gene, and high levels of steady-state mRNA were maintained for the first 5 h. The amount of transcript was reduced subsequently with a minimum reached at 12 h of white-light irradiation. At this time point, the transcript could barely be detected. After 24 h, a very high zeaxanthin epoxidase transcript level was observed again (Fig. 4A) .
The expression pattern of the violaxanthin deepoxidase gene (vde) differed from those of the genes mentioned above. Although high amounts of the corresponding transcript were found after short exposure to white light, the transcript level decreased with prolonged illumination periods and remained low at 24 h. All results from northern-blot analyses were verified with RNA from three independent greening series.
Comparative Expression Studies using a Chlorophyll a/b-Binding Protein (cab) and a Chlorophyll Biosynthetic Gene (protoporphyrinogen IX oxidase [ppox])
For comparison, a gene encoding a light-harvesting chlorophyll a/b-binding protein was also included in the expression studies (Fig. 4A ). The expression pattern of this gene was similar to those of the xanthophyll biosynthesis genes coding for ␤-carotene hydroxylase and zeaxanthin epoxidase (Fig. 4) . Furthermore, the expression of a chlorophyll biosynthetic gene, namely the plastidal ppox, was examined ( Fig. 4A ). Low transcript levels in etiolated seedlings increased significantly with the onset of illumination. In contrast to the xanthophyll biosynthetic genes, however, high amounts of steady-state mRNA were only found in later stages of chloroplast differentiation (after 5 h of illumination). The transcript level of ppox was slightly but consistently higher in seedlings exposed to LL conditions.
The Impact of Different Light Qualities on the Expression of Carotenoid Biosynthetic Genes
To investigate the effect of light quality on the transcription level of different genes encoding enzymes of the carotenoid biosynthetic pathway, etiolated seedlings were exposed to red, blue, or white light for greening. After 3 h of illumination, seedlings were harvested and subjected to extraction of total RNA. Subsequent northern-blot analysis revealed distinct expression patterns for the different carotenoid genes (Fig. 5 ). The expression of all genes investigated was induced upon illumination regardless of the light quality used. However, considerable differences in the amount of steady-state transcripts could be observed. The expression of the phytoene synthase gene showed a strong induction after exposure to red light and white light, whereas blue light was less effective. The same phenomenon was observed in the case of ␤-lycopene cyclase and ␤-carotene hydroxylase gene expression. The effect of red light on the transcript level of violaxanthin deepoxidase was less pronounced. The amount of zeax- Four-day-old etiolated seedlings were exposed to continuous white light of LL (10 mol m Ϫ2 s Ϫ1 ; gray box) or ML (100 mol m Ϫ2 s Ϫ1 ; white box) intensity for different time periods (0, 3, 5, 8, 12 , and 24 h). Gel-blot analysis was performed after separation of total RNA extracted from the individual samples (minimum of 60 seedlings each). For hybridization, nonradioactively labeled DNA fragments of the various xanthophyll biosynthetic genes were used as probes. bhy, ␤-carotene hydroxylase; zep, zeaxanthin epoxidase; vde, violaxanthin de-epoxidase; cab, chlorophyll a/b binding protein of LHC II; and ET, etiolated seedlings. Bottom, 25S rRNA hybridization for verification of gel loading. B, Densitometric scan of mRNA patterns of the ␤-carotene gene during chloroplast differentiation of tobacco seedlings. Signals were normalized with respect to the rRNA. The value for etiolated seedlings was set to 1. n ϭ 3.
anthin epoxidase mRNA increased upon light exposure, but was not altered by different light qualities.
The Effect of Photosynthetic Inhibitors on Carotenoid Gene Expression
To evaluate the impact of the photosynthetic electron transport on the transcription of carotenoid biosynthetic genes, fully greened 3-d-old seedlings were incubated either with the inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), which blocks the reduction of plastoquinone, or with 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), which impairs the oxidation of the plastoquinol (Fig. 6) . Inhibition of the electron transport by DCMU for 3 h caused an increase in the transcription level of genes encoding ␤-carotene hydroxylase (bhy) and zeaxanthin epoxidase (zep), whereas the amount of violaxanthin de-epoxidase (vde) transcript was diminished (Fig. 6A) . A major light-harvesting gene (cab) used for comparison was also expressed at higher levels upon treatment with DCMU. The opposite effect, namely a down-regulation of the transcript levels of bhy, zep, and cab was observed upon a 3-h incubation with DBMIB (Fig. 6B) .
Application of DCMU or DBMIB for 3 h had different effects on the total pigment content of fully greened seedlings. Whereas DCMU treatment caused slightly elevated levels of all pigments (i.e. chlorophyll a and b, carotenoids), the total pigment content of DBMIB-treated seedlings remained unchanged compared with controls (Table I) .
DISCUSSION
Effect of Different White-Light Intensities on the Steady-State mRNA Levels of Xanthophyll Biosynthetic Genes
White-light illumination led to a general induction of the expression of all three xanthophyll biosynthetic genes (bhy, zep, and vde) under investigation. The increase of the steady-state transcript levels of these genes is likely to be related to the large increase of total carotenoids, which is observed during chloroplast differentiation (compare with von Lintig et al., 1997). Furthermore, our study revealed that illumination with different white-light intensities can also cause a modulation of mRNA transcript levels during de-etiolation of tobacco (Nicotiana tabacum L. cv Samsun) seedlings. The expression of bhy showed the most pronounced light-intensity dependence with highest mRNA levels reached under LL conditions. The regulation of the bhy steady-state transcript level may represent a way to meet the requirement of additional ␤-carotene derivatives for the assembly of the photosynthetic apparatus (Young, 1991; Herrin et al., 1992) and to adjust the size of the light-harvesting antenna (Horton et al., 1996) . The catalytic activity of the enzyme ␤-carotene hydroxy- lase leads to the formation of zeaxanthin from ␤-carotene via the ␤-branch of the pathway (Sun et al., 1996) . Zeaxanthin itself is not only important for the dissipation of excess light energy (DemmigAdams, 1990; Niyogi, 1999) but is also the substrate for the formation of all other ␤-carotene-derived xanthophylls (violaxanthin and neoxanthin), which are located in the light-harvesting complexes and are involved in light collection (Kü hlbrandt et al., 1994; Lee and Thornber, 1995; Formaggio et al., 2001; Ruban et al., 2002) . We therefore assume that the differences in the steady-state transcript level of ␤-carotene hydroxylase are due to a gene expression-based control mechanism. In contrast to expression analyses comparing just two developmental stages, namely etiolated and fully greened plant material (Bouvier et al., 1996; Bugos and Yamamoto, 1996 ; http://genomewww4.stanford.edu/Microarray/SMD), we followed the expression levels of the three xanthophyll biosynthetic genes at different illumination intervals. The resulting expression profiles of bhy and zep were similar, but clearly distinct from that of vde. This finding implies a coordination in gene expression of these two xanthophyll biosynthetic genes (bhy and zep), which are necessary to increase the content of ␤-carotene derivatives with light-harvesting functions (violaxanthin and neoxanthin). High steady-state transcript levels of bhy and zep were found in early stages of chloroplast development after irradiation times of 3 or 5 h, respectively.
In the case of violaxanthin de-epoxidase, a posttranslational control might be a more decisive factor than the regulation of its gene expression because vde transcript levels and the resulting product formation were shown not to be correlated by Rossel et al. (2002) . Although we detected higher vde mRNA levels during de-etiolation under ML in comparison with LL, it has to be kept in mind that the enzyme itself requires a low luminal pH and higher light conditions to become active (Hager, 1975) . In accordance, we found a transient accumulation of zeaxanthin in early greening stages after 3 and 5 h of ML illumination only, which indicates that this light intensity is sufficient to lead to an acidification of the lumen as a prerequisite for the activation of the enzyme violaxanthin de-epoxidase (Pfü ndel and Strasser, 1988) . Such a transient zeaxanthin accumulation and concomitant reduction in violaxanthin content during chloroplast development were also detected by Krol et al. (1999) performing greening experiments under different temperature conditions in combination with ML and high-light intensities. Moreover, changes in PSII excitation pressure and its release as chloroplast differentiation proceeds might result in the (transient) accumulation of certain xanthophylls (compare with Montané et al., 1998).
Effect of Different Light Qualities on the Steady-State mRNA Levels of Xanthophyll Biosynthetic Genes
The effect of different light qualities on gene expression was investigated after exposure of etiolated seedlings to blue, red, or white light of equal quanta. These light qualities led to an increase in the amount of the corresponding mRNAs pointing to an involvement of different photoreceptors (phytochrome and cryptochrome; Lin, 2002). However, the expression levels of the carotenoid genes under examination varied significantly in response to the light quality used. There was a prominent red-light-dependent increase of the steady-state transcript level of the phytoene synthase gene during de-etiolation, indicating a phytochrome control in accordance with data of von Lintig et al. (1997) . A larger amount of mRNA in red light in comparison with blue light was also detected for ␤-lycopene cyclase, for ␤-carotene hydroxylase, and to a lower extent for violaxanthin de-epoxidase, suggesting that the expression of these genes is also under the control of the phytochrome system. In contrast, zeaxanthin epoxidase responded with a similar induction of gene expression in blue and red light. In this context it is noteworthy that various promoter elements have been identified that exhibit different sensitivities toward blue and red light (Lü bberstedt et al., 1994) .
Comparative Expression Analysis of Different Components of the Photosynthetic Apparatus
The expression pattern of the genes encoding ␤-carotene hydroxylase and zeaxanthin epoxidase resembled each other and exhibited high similarity to that of a gene encoding a chlorophyll a/b binding protein of the light-harvesting complex of PSII. These experimental data support the hypothesis that mRNA accumulation is coordinated for individual photosynthetic complexes (Beator and Kloppstech, 1993; Oelmü ller et al., 1995) . In fact, experiments of Batschauer et al. (1986) demonstrated that the cab mRNAs encoding light-harvesting proteins cannot accumulate in the absence of carotenoids, emphasizing their importance. Using tomato (Lycopersicon esculentum) plants subjected to light/dark cycles, Thompson et al. (2000) could show a high similarity between the expression pattern of the zeaxanthin epoxidase (LeZep 1) and a cab gene. Both exhibited fluctuations of their mRNA levels typical for circadian cycling genes. This finding was recently con- In addition to carotenoids, chlorophylls are essential constituents of the photosynthetic complexes. Therefore, a chlorophyll biosynthetic gene, namely ppox, was included in the expression studies. Analysis of its mRNA pattern revealed a moderate upregulation upon exposure of etiolated tobacco seedlings to white light (compare with Ma et al., 2001 ), but higher transcript levels were only detectable in later stages of chloroplast development. Similar to the results observed for bhy gene expression, the transcript level of ppox was slightly but consistently elevated under LL conditions. The increase in transcript levels of ppox and bhy could be causally linked to the augmentation in chlorophyll and carotenoid content (Sisler and Klein, 1963; Akoyunoglou and Argyroudi-Akoyunoglou, 1966) . The availability of higher amounts of these light-harvesting pigments might then in turn affect the antenna size, which was previously shown to be enlarged in LL-adapted plants (Thayer and Bjö rkman, 1990 ).
Effect of Photosynthetic Electron Transport Inhibitors on the mRNA Transcript Levels of Xanthophyll Biosynthetic Genes
Redox control of photosynthetic gene expression has been recently recognized as an important regulatory mechanism (for review, see Pfannschmidt et al., 2001) . Within the electron transport chain, the redox status of the plastoquinone pool was shown to specifically control the transcription of chloroplastencoded genes of the core complexes of PSI and PSII in higher plants or the nuclear-encoded genes of the PSII light-harvesting system in the alga Dunaliella terticolecta (Escoubas et al., 1995; Pfannschmidt et al., 1999) . Until now, no data are available that univocally prove the involvement of the plastquinone pool in the control of xanthophyll biosynthetic gene expression. To examine the role of the plastoquinone pool, we applied the site-specific photosynthetic electron transport inhibitors DCMU and DBMIB. DCMU partially inhibits the reduction of plastoquinone thereby decreasing PSII electron pressure and mimicking a transfer to lower light intensities (Teramoto et al., 2002) . DCMU treatment of fully greened seedlings for 3 h resulted in an up-regulation of the transcript levels of the ␤-carotene hydroxylase (bhy) and zeaxanthin epoxidase (zep) gene relative to untreated controls. The expression of a light-harvesting gene (cab) used as control was induced in good agreement with Escoubas et al. (1995) . The DCMU treatment also caused an increase in the photosynthetic pigment content (Table I) , the same phenomenon was observed after a shift from higher to lower light intensities.
The photosynthetic inhibitor DBMIB partially blocks the oxidation of the plastoquinol therefore mimicking a transfer to higher light conditions. Application of this inhibitor to fully greened tobacco seedlings had opposite effects on the transcript levels of bhy and zep (namely a reduction of the amount of these mRNAs). Interestingly, the expression level of vde was reduced after DCMU as well as DBMIB incubation. Although a down-regulation under LL conditions might have been expected, the reduction of its mRNA level as response to DBMIB application was unforeseen. However, the fact that high-light illumination also led to a reduction in the amount of vde transcript supports our data (Rossel et al., 2002) . Using microarrays, Rossel et al. (2002) found an increased transcript level of bhy upon high-light illumination (1,000 mol m Ϫ2 s Ϫ1 ). Application of the photosynthetic electron transport inhibitor DCMU in their study was restricted to a selection of six genes that are not related to the formation of carotenoids. On the basis of our results derived from the inhibitor treatments, we demonstrate for the first time, to our knowledge, that bhy and zep transcript levels are redox controlled by the plastoquinone pool. In contrast, the expression of vde does not seem to be redox controlled but is rather influenced by the photosynthetic electron transport.
MATERIALS AND METHODS
Plant Material and Illumination
All experiments were carried out with tobacco (Nicotiana tabacum L. cv Samsun) seedlings. Seeds were surface sterilized and subsequently germinated and grown for 4 d on Murashige-Skoog agar medium (Murashige and Skoog, 1962) without Suc in complete darkness at a constant temperature of 24°C in a growth room. The seedlings used as experimental material contained only cotyledons. No primary leaves had developed even at the end of the light period. Seedlings were harvested at the same age either in the etiolated stage or after different light periods. Sample collection was carried out at the same time of day for all plant material. Determination of fresh weight revealed no significant changes excluding growth effects (data not shown). Etiolated seedlings were kept in the dark until the illuminated samples reached the end of the light period. To check for developmental influences, etiolated seedlings were also taken at different ages during the experiment. No significant differences were found in the etiolated seedlings, which was additionally verified by pigment analysis. For de-etiolation, the seedlings were transferred to continuous white light and irradiated for 3, 5, 8, 12, 24, or 48 h in the growth chamber. One set of seedlings was illuminated with a very LL intensity (10 mol m Ϫ2 s Ϫ1 ), the other with a 10-fold higher intensity of 100 mol m Ϫ2 s Ϫ1 (ML) provided by a combination of l-FLUORA and Universal White fluorescent tubes (Osram, Munich, Germany) . After the end of the illumination period, seedlings were harvested and immediately frozen for RNA extraction and pigment analysis. Etiolated seedlings that were kept in darkness served as controls.
In light quality experiments, seedlings were exposed to equal amounts of photons (45 mol m Ϫ2 s Ϫ1 ). Blue light was produced by a filter (Schott, Mainz, Germany) permitting light penetration from 320 to 500 nm and exhibiting a maximum at around 400 nm, for red light a cut off filter (Schott, Mainz, Germany) omitting light penetration of wavelengths shorter than 600 nm was used. White light was provided by a xenophot lamp (Osram).
Pigment Determination and Analysis
Pigments were extracted from 30 seedlings per determination and quantified according to Lichtenthaler and Wellburn (1983) . For pigment distribution, pigments were separated on a Spherisorb ODS1 5 RP 18 column by HPLC as described by Gilmore and Yamamoto (1991) . The flow rate was 1.2 mL min Ϫ1 . Photosynthetic pigments were identified by their retention times, comparison of the retention times and absorption spectra with literature values, and co-chromatography with authentic standards.
Inhibitor Treatments
To investigate the impact of photosynthetic inhibitors on the expression of carotenoid biosynthetic genes and total pigment content, seedlings were germinated under continuous white light (100 mol m Ϫ2 s Ϫ1 ) in water in Erlenmeyer flasks and shaken at 100 rpm. After germination, the 3-d-old seedlings were then subjected to the photosynthetic inhibitors DCMU and DBMIB. All seedlings were harvested after an incubation period of 3 h under continuous white light in the presence of the inhibitor. DCMU was added to a final concentration of 2 mm or 500 m, respectively. The inhibitory effect on photosynthesis was verified by measuring oxygen evolution with a Clark electrode. Even for the highest DCMU concentration, only a 60% inhibition of photosynthetic activity was observed in good agreement with data of Petracek et al. (1997) , thus ensuring that the applied concentrations were not lethal. DBMIB was added to a final concentration of 50 m. The photosynthetic activity of these seedlings was inhibited by 43% compared with nontreated controls.
DNA Extractions and Manipulations
All DNA extractions were carried out in principle according to Sambrook et al. (1989) . The restriction enzymes were purchased from Roche Diagnostics (Mannheim, Germany). Partial cDNAs for zeaxanthin epoxidase and violaxanthin de-epoxidase were obtained after reverse transcription of total RNA from leaves of tobacco (Nicotiana tabacum). Total RNA was extracted as described by Kuntz et al. (1992) . Two micrograms of RNA were heated at 65°C for 5 min, chilled on ice, and then reverse transcribed using Moloney murine leukemia reverse transcriptase (MBI Fermentas, Wilna, Lituvia) and oligo(dT) (Pharmacia, Uppsala) as primer according to the protocol provided by the supplier. After heat inactivation of the enzyme for 5 min at 95°C, 2 to 5 L of the reaction mixture was used either directly or after purification (PCR purification kit, Roche Diagnostics) for amplification with sequence-specific primers. Primers were designed as follows: violaxanthin de-epoxidase, 5Ј-GGTTTGGATTCAAGAGGTCTGC and 3Ј-CGGATACTT-TGGATCTTGCACG; zeaxanthin epoxidase, 5Ј-TGGTAYTGYAARTTYGA-YACITTYAC and 3Ј-GCRTCRTCRTCYTCRAACCAITT. The amplified PCR products (690 bp for violaxanthin de-epoxidase and 1,074 bp for zeaxanthin epoxidase) were cloned in a PCR vector pCR 2.1 (Invitrogen, Carlsbad, California) and verified by sequencing. The same primers were also used in PCR labeling reactions (see below).
DNA Labeling
DNA fragments were either labeled with DIG high prime DNA labeling mix according to the recommendations of the supplier (Roche Diagnostics) or by PCR amplification using dioxygenin-11-dUTP. A 548-bp DNA fragment encoding a chlorophyll a/b binding protein (cab) of tomato (Lycopersicon esculentum) was isolated after restriction digest of plasmid pTAB 2.0 with HincII and PvuII (Pichersky et al., 1985) . After preparative gel electrophoresis, the DNA insert was eluted with a gel extraction kit from Biozym (Hess. Oldendorf, XXX, Germany). The insert was subsequently labeled as outlined in the manufacturers protocol with DIG high prime (Roche Diagnostics). All other gene probes were labeled by PCR amplification. A 605-bp probe for the plastidic ppox was generated by PCR with the upstream primer GCAGGAATTAGTGGCCTCTGC and downstream primer AGGTA-AACGCGGATCGCGGGGCGC from the corresponding tobacco cDNA (Lermontova et al., 1997) as template. A 707-bp-labeled DNA fragment of ␤-carotene hydroxylase was obtained after PCR amplification using upstream primer AGAGGATCCTGAAATGAAAATTGAGGAGC (includes an inserted BamHI restriction site, underlined) and downstream primer CGAAGCTTCATGATCCCCTGG. A ␤-carotene hydroxylase cDNA (100 ng; S. Rö mer, unpublished results) isolated from a tobacco cDNA library ( Zap II, Stratagene, La Jolla, CA; kindly provided by Dr. Grimm [IPK, Gatersleben, Germany]) was added as a template to the PCR reaction. The 50-L reaction mix typically contained 50 to 200 ng of DNA, 5 L of PCR buffer (Qiagen, Hilden, Germany), 10 L of Q-solution (Qiagen), 4 L of dNTPlabeling mix (Roche Diagnostics), 20 pmol of upstream and downstream primer, respectively, 1.5 mm MgCl 2 , and 0.5 L (2.5 units) of Taq polymerase (Qiagen). PCR was carried out in a thermocycler (PTC-100 Perkin Elmer, Biozym, Hess. Oldendorf). PCR cycle programs were as follows: 25 cycles for amplification of ␤-carotene hydroxylase (1 min at 94°C, 25 s at 56°C, and 45 s at 72°C), 35 cycles for amplification of zeaxanthin epoxidase (1 min at 94°C, 45 s at 52°C, and 90 s at 72°C), 35 cycles for amplification of violaxanthin de-epoxidase (1 min at 94°C, 45 s at 54°C, and 90 s at 72°C), and 25 cycles for amplification of ppox (1 min at 94°C, 25 s at 57°C, and 45 s at 72°C). Cycling was preceded by a 4-min denaturing period at 94°C and followed by a final extension at 72°C for 10 min. For amplification of ␤-carotene hydroxylase and ppox, 0.5 L of extra Mg 2ϩ from a 25 mm MgCl 2 stock solution was added to the PCR master mix, whereas PCR amplification of zeaxanthin epoxidase and violaxanthin de-epoxidase was done in the presence of 0.8 L of additional Mg 2ϩ .
RNA Extraction and Northern-Blot Hybridization
RNA was extracted from a minimum of 60 seedlings per measurement following the procedure outlined in Kuntz et al. (1992) . After separation of total RNA on denaturing agarose/formaldehyde gels, the nucleic acids were transferred onto a positively charged nylon membrane (Biodyne Plus, Pall, Dreieich, Germany) and UV cross-linked. A photo of the ethidium bromidestained RNA controlled for equal loading before blotting.
Blots were prehybridized in 50% (v/v) deionized formamide, 5 ϫ SSC, 50 mm sodium-phosphate, pH 7.0, 2% (w/v) blocking reagent (Roche Diagnostics), 0.1% (w/v) N-lauroyl sarcosine, and 7% (w/v) SDS for at least 1 h in a hybridization oven (Biometra, Gö ttingen, Germany) at 42°C. After heat denaturation, 10 to 15 ng of the labeled probe was added per milliliter of hybridization solution. Hybridization was carried out overnight in the hybridization oven at 42°C. Afterward, unbound DIG-labeled DNA was removed by post-hydridization washes. Membranes were washed twice with 2 ϫ SSC containing 0.2% (w/v) SDS for 15 min at room temperature followed by further washing steps with 0.5 ϫ SSC and 0.2% (w/v) SDS and with 0.1 ϫ SSC and 0.2% (w/v) SDS at 65°C. Hybridization signals were detected by chemiluminescence using CDP-Star according to the procedure described by the manufacturer (Roche Diagnostics). After gel-blot analysis and detection, the nylon membranes were incubated twice at 68°C with the northern probe-stripping solution (50% [v/v] formamide, 50 mm Tris-HCl, pH 8, and 1% [w/v] SDS) to remove the probe and could be reused for additional hybridizations.
Quantification of Northern Blots
After detection of the hybridization signals by chemiluminescence, the digitalized images were quantified by positioning a grid over the bands and integrating the individual cells of the grid. For integration the ImageQuant software from Molecular Dynamics (Sunnyvale, CA) was used. Results of the quantification of northern blots were normalized with respect to the total RNA.
